Environmental variation can maintain genetic variation in sexually selected traits if it affects the 28 strength of directional selection. Specifically, environmental variation in sex-specific mortality will 29 change the operational sex ratio (OSR), which predicts the intensity of mating competition. How the 30 OSR affects selection for specific male traits is poorly understood; and it is unknown how often 31 sexual selection is affected by interactions between the OSR and environmental factors that alter 32 social variables such as mate encounter rates. Here, we experimentally manipulated the OSR and 33 habitat complexity and quantified sexual selection on male mosquitofish (Gambusia holbrooki). In G. 34 holbrooki there is high within-population variation in male size, which may exist because of a trade-35 off between the ability to sneak copulate (favouring small males) and monopolize females (favouring 36 large males). The success of each tactic is predicted to depend on the OSR, encounter rates and the 37 ability to stealthily approach conspecifics. We show that, despite greater sharing of paternity under 38 a male-biased OSR, neither the opportunity for selection, nor selection on male traits was affected 39 by the OSR or habitat complexity. Instead, sexual selection consistently favored smaller males with 40 high genetic heterozygosity (using >3000 SNP markers), and a relatively long gonopodium 41 (intromittent organ). 42 43 44 45 Punzalan et al. 2010) or over a breeding season (e.g., Kasumovic et al. 2008; Milner et al. 2010; 51 Wacker et al. 2014). Spatial and temporal variation in sexual selection is sometimes invoked to drive 52
Introduction 46
Variation in the strength and form of sexual selection has generated much of the diversity in morphology, behavior and physiology between the sexes, across populations and among species 48 (Andersson 1994; Pfennig and Pfennig 2010) . Field studies have also shown that sexual selection can 49 vary across populations and through time, be this between years (e.g., Chaine and Lyon 2008; 50 6 OSR affects selection on courtship and fighting traits. Similarly, the effects of the OSR on mate 98 choice, sperm competition and sexual coercion further complicate the relationship between the OSR 99 and sexual selection (Fitze and Le Galliard 2008; Head et al. 2008 ). Finally, while rarely discussed, 100 inconsistent effects of the OSR on the strength of sexual selection might arise because its effects are 101 context-dependent and vary with other environmental factors (e.g., predation risk). 102 103 One ecological parameter that is of special interest is habitat complexity. Habitats vary in complexity 104 over many spatial and temporal scales with profound effects on sexual selection . 105
For example, the transmission of mating signals depends on habitat complexity with open habitats 106 generally allowing transmission of signals over greater distances. Such differences can affect how 107 females perceive and assess male sexual signals and alter selection on males (e.g. sensory bias/drive 108 (Boughman 2002; Endler and Basolo 1998) . Habitat complexity can also affect selection on traits that 109 affect male fighting success. For example, recent studies report higher aggression between male 110 sticklebacks (Gasterosteus aculeatus) in open than complex habitats that might generate habitat-111 specific selection on body size (Lackey and Boughman 2013) . Finally, the OSR and habitat complexity 112 are both expected to alter mate encounter rates , and habitat complexity can 113 generate variation in local OSRs and densities (i.e., those directly experienced by each female). Such 114 effects could alter the levels of both male-male competition and female choice. For example, in 115 guppies greater habitat complexity reduced interference competition between males and increased 116 female mating receptivity (Hibler and Houde 2006) . 117 118 Here we conduct a manipulative experiment to investigate how habitat complexity and the adult sex 119 ratio (ASR), hence OSR, interact to affect sexual selection on male mosquitofish (Gambusia 120 holbrooki). This species is well suited to test how these factors affect sexual selection because it 121 inhabits a range of habitats varying in structural complexity (from streams and ponds to lakes) and 122 sex ratios vary predictably over the breeding season (Kahn et al. 2013 ). Furthermore, past studies 123 7 have identified target traits that might be under sexual selection (Head et al. 2015; McPeek 1992 ; 124 Pilastro et al. 1997 ). The mating system is characterised by sexual coercion, whereby males 125 incessantly attempt to mate by approaching females from behind and thrust their gonopodium into 126 her gonopore (Bisazza 1993; Bisazza and Marin 1995) . This generates several, sometimes conflicting, 127 modes of sexual selection on males. First, male-male competition favours large males that dominate 128 access to females (Bisazza and Marin 1991 
Experimental design 150
We independently manipulated the adult sex ratio (ASR), which is the same as OSR if the OSR is 151 calculated at the start of the experiment, and habitat complexity in ponds (1m diameter, 15cm 152 depth) in a greenhouse using a 2 x 2 factorial design. We had two levels of habitat complexity. In the 153 'simple' habitat the pond floor was lined with gravel, the pond walls were lined with white plastic, 154 and there was no vegetation or cover. The 'complex' habitat was the same, but we added a crossed 155 network of white plastic baffles to create a series of interconnected compartments (Fig. S1 ). 156
Manipulating habitat complexity in this way ensured that the manipulation was applied evenly 157 across the whole pond. This manipulation of habitat complexity is similar to that used in a previous 158 study (Hibler & Houde 2006) which found that increased visual isolation in complex habitats altered 159 sexual behaviour in guppies. We also had two levels of ASR. The female-biased ASR consisted of 10 160 males and 20 females in a pond. The male-biased ASR consisted of 10 males and 5 females in half a 161 pond. We avoid confounding changes in fish density and the number of males by adjusting the pond rainfall. Experimental males were caught from the wild. Experimental females were lab reared 172 offspring of wild caught females. This ensured females were virgins at the beginning of our 173 9 experiment. We collected females from the wild and allowed them to give birth. The fry were then 174 placed in 3l aquaria in groups of up to five. From 4 weeks of age onward these fry were checked 175 weekly for signs of maturation. As soon as we could determine their sex (elongation of the anal fin 176 for males, development of eggs visible through the body wall for females) fish were placed in single 177 sex tanks. Virgin females were 3-9 months old before being used in our experiment. The use of virgin 178 females ensured that all offspring were sired by males from our experimental ponds. We could not 179 use wild caught females as they store sperm (Pyke 2005) . 180 181 Importantly, prior to placement in experimental ponds, both sexes underwent a priming period. This 182 mimicked the experimental conditions that fish would later experience to ensure that paternity 183 results reflected the treatments experienced and not the change from stock to experimental 184 conditions. For priming, focal males and females were placed in experimental ponds with the 185 appropriate number of individuals of the opposite sex. Focal males were placed with stock females, 186 and focal females were placed with stock males whose gonopodium tip had been removed to 187 prevent sperm transfer (Mautz 2011) . Following 4 days of priming, focal fish were placed directly 188 into their respective experimental treatments, and stock fish were returned to stock tanks. 189
Once in experimental ponds focal fish had 14 days to interact and mate. They were fed thawed 190 frozen Artemia nauplii twice daily. The female-biased treatments were fed twice the amount of food 191 as the male-biased treatments since there were twice as many fish. 192
Males were euthenised after being removed from the experimental ponds. We photographed their 193 left side alongside a scale using a digital camera (Nikon Coolpix 5700) mounted to a dissecting 194 microscope (Leica Wild MZ8). We later measured male standard length and gonopodium length in 195 Image J. Males were then preserved in absolute ethanol and stored at -20 o C. 196
Once females were removed from the experimental ponds they were anaesthetised in ice slurry, 197 photographed (see above) and then placed individually in 1l tanks. Each tank contained a gravel 198 10 substrate, plastic aquarium plants and a mesh divider to reduce maternal cannibalism. Tanks were 199 checked twice daily for fry until the female had either produced two broods or three months had 200 passed. Females were kept at 27 o C±1 o C on a 14:10 light:dark cycle and fed live Artemia twice daily. 201
When a female gave birth she was placed in a new 1l tank if it was her first brood. If it was her 202 second brood she was euthenised and preserved for genotyping. Fry were euthanized (< 24h after 203 birth), and preserved in family groups of up to 10 fry/vial. 204 205
Sampling for paternity analysis 206
To determine male reproductive success we took tissue samples from up to five mothers (on 207 average 4.1 per pond, n = 100 in total), all possible sires (10 per pond, n = 240 in total) and all 208 offspring (mean: 35.2 per pond, n = 844 in total) from the selected mothers for each pond. In the 209 male-biased ASR treatment we therefore sampled all mothers that gave birth and in the female-210 biased ASR treatment we randomly sampled five females that gave birth. DNA was extracted from 211 the tail muscle/caudal fin for adults and from the whole body (excluding head) for fry, using Qiagen 212 DNeasy Blood and Tissue Kits (Qiagen, Victoria, Australia) following the manufacturer's instructions. 213
After extraction, DNA samples were sent to a commercial genotyping service -Diversity Arrays. The 214 details of the process are described in the Supplementary Materials. We obtained a data set of 215 approximately 3171 SNPs with an average call rate of 97.7% and a reproducibility rate of 99.3%. 216
From the selected SNPs we calculated a Hamming Distance Matrix of all 1185 individuals (potential 217 sires, mothers, and offspring) to determine paternity. Recent studies show that as few as 30 218 optimized SNPs are sufficient to differentiate among 100,000 individuals using Hamming Distance 219 values (HDV) (Hu et al. 2015) . All fry were lined up against their mother and siblings and the HDVs 220 evaluated to cross check for any sample mix ups. None were detected. HDVs were then compared 221 against each of the 10 potential sires. The sire/fry with the lowest value was considered a match. We 222 could assign paternities unambiguously for all 844 fry. 223
Heterozygosity 224
Our calculation of heterozygosity is simply the number of SNP markers that were scored as 225 heterozygous divided by the total number of successfully classified markers for that fish. 226 227
Data analysis 228

Opportunity for Selection 229
We calculated the opportunity for selection (I) for males within each pond as the variance in the 230 total number of offspring sired divided by the mean number of offspring sired per male (Shuster and 231 Wade 2003). This calculation was based on paternity data from the five genotyped broods per pond. 232
We ran a general linear model to test the effects of habitat complexity, ASR and their interaction on 233 I s . The response variable was transformed using the power transform function in the "car" package 234 of R. This model gave the same results as a generalised linear model with untransformed data and 235 quasipoisson error structure, but the latter had a poorer fit. We also tested whether the ASR and 236 habitat complexity influenced how many males shared paternity in each brood. We ran a generalised 237 linear mixed model (GLMM) with the number of sires per brood as the response variable and ASR, 238 habitat and their interaction as fixed effects. Pond identity was treated as a random effect. This 239 model gave qualitatively similar results to a linear mixed model on transformed data. 240
Sexual selection on males 241
To determine which male traits influenced his reproductive success and whether this varied across 242 different socio-environmental context we ran a GLMM. We treated the number of offspring each 243 male sired as the response variable. ASR and habitat complexity were specified as fixed factors. Male 244 standard length (logged), relative gonopodium length (residuals of the regression of log gonopodium 245 length on log male length) and heterozygosity were included as covariates. Interactions between 246 each of the three male traits and the two experimental factors were included in the model. We 247 treated pond as a random effect and specified a Poisson error structure. To account for 248 overdispersion we included individual as a random effect (Harrison 2014) . Following this correction 249 our data was underdispersed (dispersion parameter = 0.0131) and thus conservative. An analysis 250 using a power transformation of the dependent variable and Gaussian error structure gave 251 qualitatively similar results. 252
Neither the ASR or habitat complexity influenced the relationship between the number of offspring 253 sired and any of the male traits (see Results) so we calculated experiment wide selection gradients 254 using a linear multiple regression (Lande and Arnold 1983) . We treated the relative number of 255 offspring a male sired (calculated within ponds) as the response variable and log male length, 256
relative gonopodium length and heterozygosity as predictor variables. All predictor variables were 257 standardised across the experiment (mean = 0, s.d. = 1). Standardising traits within ponds gave very 258 similar selection gradient estimates. Significance values were obtained from the same model except 259 that the relative number of offspring sired was power transformed to account for its non-normal 260 distribution and pond identity was treated as a random effect. 261
Reproductive success of females 262
To determine whether our treatments influenced female reproductive output we ran GLMMs. The 263 number of broods (0, 1 or 2) was analysed using an ordinal logistic regression in the package 264 "ordinal" using the command clmm to allow for random effects. For those females that did have 265 offspring we also analysed the number of offspring in a female's first brood, gestation time (days 266 between leaving the pond and giving birth), and the total number of offspring a female produced 267 using models with Poisson error that included an individual level random effect when data were 268 over-dispersed (Harrison 2014) . In all models ASR, habitat and female standard length (centred to a 269 13 mean of 0; (Gelman 2008)) and their interactions were specified as fixed effects. Pond identity was 270 treated as a random effect. 271
In all analyses, including block as a random effect did not influence our results. For simplicity this 272 term were excluded from our models (Bolker et al. (2009) does not recommend including random 273 factors with fewer than 5-6 levels). All analyses were conducted in R version 3.2.0 (Team 2015) . 274
275
Results 276
The opportunity for selection on males 277
Neither the adult sex ratio (estimate ± SE = -1.682 ± 1.140, t = -1.476, p = 0.156), habitat complexity 278 (estimate ± SE = -0.650 ± 1.140, t = -0.570, p = 0.575) nor the interaction between them (estimate ± 279 SE = 0.600 ± 1.612, t = 0.372, p = 0.714) influenced the opportunity for selection on males. The mean 280 number of sires per brood was greater under a male-biased than female-biased ASR (estimate ± SE = 281 0.420 ±0.192, Z = 2.181, p = 0.029), but it did not depend on habitat complexity (estimate ± SE = -282 0.095 ±0.195, Z = 0.488, p = 0.626), nor was there an interaction between ASR and habitat 283 complexity (estimate ± SE = -0.125 ± 0.280 Z = 0.446, p = 0.655) (Fig. 1) . This finding was not 284 confounded by female fecundity depending on the ASR (see below). 285
Sexual selection on males 286
More heterozygous males were smaller (r=-0.164, t (234)= 1.354, p=0.012), and had a relatively longer 287 gonopodium for their body size (r=0.187, t (232)= 2.901, p=0.004). Smaller males and more 288 heterozygous males both had significantly greater reproductive success, but there was no effect of 289 the ASR or habitat complexity on sexual selection on male traits (Table 1) . When we examined net 290 selection across all four treatments, the selection gradients were significant for all three male traits, 291 as they were each independently correlated with reproductive success (Table 2 ). In 22 out of 24 292 14 ponds election favored more heterozygous males, in 19 out of 24 ponds selection favored smaller 293 males, and in 20 out of 24 ponds selection favored males with a relatively long gonopodium. 294
Reproductive success of females 295
Neither gestation time, the number of offspring in the first brood nor the total number of offspring a 296 female produced were influenced by the adult sex ratio, habitat complexity or the interaction 297 between them (Table 3 ). The number of broods per female was, however, influenced by both a 298 female's length and the ASR. With a female-biased adult sex ratio smaller females produced more 299 broods than larger females, whereas with a male-biased sex ratio there was a weak relationship in 300 the opposite direction. There was no effect of habitat complexity. Trait means for each treatment 301 are shown in Table 4 . 2007). We experimentally tested how two key ecological and demographic parameters -the adult 307 sex ratio (ASR; which is equivalent to the OSR at the start of the experiment) and habitat complexity 308 -influence sexual selection on male mosquitofish Gambusia holbrooki. The opportunity for selection 309 (I) on males was constant across environments but, more importantly, our estimates of sexual 310 selection on focal male traits did not differ across environments. Small males, males with a relatively 311 larger gonopodium, and more heterozygous males had greater reproductive success in all cases. Our 312 results suggest that altering mate encounter rates has little effect on sexual selection in G. holbrooki. 313
The adult or operational sex ratio 314 15 Male-biased sex ratios lead to greater competition for mates, and it is usually assumed that this will 315 also increase variation in male mating and reproductive success (Emlen and Oring 1977; Shuster and 316 Wade 2003). Instead we found that the mean number of sires per brood became greater with a 317 more male-biased sex ratio. All else being equal, a greater sharing of paternity should lower I 318 because it reduces variation in male reproductive success. However, the adult sex ratio had no 319 detectable effect on I. This suggests that even though more sires contributed to each brood this did 320 not affect the distribution of paternity among males. This is expected if there is consistency among 321 females in which type of males contribute to paternity. Our results agree with some studies that use 322 variance based indices to measure the potential/opportunity for selection (e.g., Head There was no evidence that the sex ratio influenced selection on male traits in G. holbrooki. 326
Numerous studies have shown that the ASR or OSR (in many experimental studies the two are 327 interchangeable: see Kokko However, few studies experimentally manipulate the ASR to test whether it affects sexual selection 330 on specific male traits. This is surprising as the evolution of male traits depends on how they relate 331 to fitness (i.e., number of offspring sired). Of the experimental studies that have looked at how 332 selection resulting from variation in reproductive success acts on male traits, the results are mixed. to the confounding effects of other ecological parameters, especially those that determine how 342 many individuals interact at any given moment (e.g., due to habitat complexity, or factors that 343 influence population density (see: Kokko and Rankin 2006) ). However, in G. holbrooki there was no 344 evidence that habitat complexity affected sexual selection on the measured traits. It has generally 345 been argued that whether the OSR affects sexual selection will depend on the mating system (e.g., 346 Kokko and Rankin 2006) . Of the aforementioned studies that tested whether selection on male traits 347 is ASR-dependent, breeding in G. holbrooki is most similar to that in guppies, Poecilia reticulata 348
where Head et al (2008) also found no effect of the ASR on sexual selection. In both these poeciliid 349 fishes males increase their reproductive success through forced copulations ('sneak mating') and between traits associated with elevated pre-and post-copulatory sexual selection (see (Devigili et al. 354 2015) . 355
Habitat complexity and sexual selection 356
Habitat complexity did not mediate the effect of the ASR on sexual selection, nor did it directly 357 influence selection on male traits, even though habitat complexity alters sexual behaviour in other 358 poeciliid fishes (e.g., Hibler and Houde 2006) . Furthermore, habitat variation is important in shaping 359 sexual traits in many species, which is why ecological factors are often implicated in maintaining 360 population variation in sexual traits (Cornwallis and Uller 2010) and even in speciation (Maan and 361 Seehausen 2011). For example, habitat differences in gravel size can lead to divergence in male 362 colouration in guppies (Poecilia reticulata, Endler 1980) . Similarly, variation in habitat complexity 363 affects selection on male advertisement call in cricket frogs (Acris crepitans, Ryan et al. 1990 ). The 364 difference between these studies and ours might reflect the types of traits being measured. 365
Colouration and vocalisations are sexual signals whose transmission and detection is habitat-366 dependent. In contrast, the traits we measured such as body size, relative gonopodium size and 367 heterozgosity are integrally related to male quality. Here a more likely mechanism by which habitat 368 complexity would alter selection is via effects on demography and mate encounter rates, which then 369 affect how females assess males or shift the balance between different modes of sexual selection 370 (e.g. mate choice vs coercion). 371
Traits under sexual selection in G. holbrooki 372
We detected strong directional selection on males for body size, relative gonopodium length and 373 heterozygosity. We consider each trait in turn. 374
Smaller male G. holbrooki had greater reproductive success. This has long been assumed to be the 375 case in Gambusia spp based on behavioural evidence for insemination success (e.g., Pilastro et al. 376 1997) , but actual paternity data has been lacking (although Deaton (2008) found a large male 377 advantage based on paternity analysis of 27 trials where a small and a large male competed freely 378 for access to a female within small aquaria). As in many species of poeciliid fishes, male mosquitofish 379 vary substantially in size (range in this experiment 19 -32mm). Understanding how this variation 380 persists despite strong directional selection is a major challenge in evolutionary biology ( showed no increase in reproductive success for males from lines artificially selected for greater 393 relative gonopodium length. This suggests that although relative gonopodium length is heritable 394 (i.e., it evolved under artificial selection) and there is directional selection for males with a relatively 395 long gonopodium, this might not be due to selection of a relatively long gonopodium (see Morrissey 396 (2014) for a discussion on the distinction between 'selection for' and 'selection of' a trait). That is, an 397 unmeasured factor might cause both greater relative gonopodium length and higher reproductive 398 success. A likely candidate is body condition (see also Kruuk et al. 2002) . This is a reminder of the 399 easily overlooked fact that estimates of selection gradients can only truly estimate direct selection 400 on traits if all relevant covarying traits are measured (Lande and Arnold 1983) . 401
Male G. holbrooki with a higher heterozygosity had greater reproductive success. This is a finding 402 that we have since replicated in a second paternity analysis study using an experimental design 403 which systematically manipulates heterozygosity (XXXX in prep). Studies of heterozygosity fitness 404 correlations (HFCs) show that homozygosity negatively affects fitness-enhancing traits (reviews: First, we had a better estimate of genome wide heterozygosity (Balloux et al. 2004 ). Microsatellite 416 markers are generally 4-10 times more variable than SNPs (Mariette et al. 2002; Morin et al. 2004) . 417
Even so, the 3171 SNP markers we used is equivalent to using over 300 microsatellite markers. To 418 date, most HFC studies use fewer than 20 microsatellite markers (Chapman et al. 2009 ). Second, 419 traits that are more closely related to actual fitness are more likely to suffer inbreeding depression 420 (Fareed 437 and Afzal 2014) that reduce a male's ability to locate and/or inseminate females. Regardless of the 438 mechanism, however, a strong effect of heterozygosity on paternity is likely to have wider 439 implications. For example, it is could select for female avoidance of inbred males which could affect 440 the persistence and recovery of small populations (Keller and Waller 2002) , because it might alter 441 20 the ease with which genetic variation persists (i.e., fewer sires reduces genetic diversity, but mating 442 with more genetically diverse males increases genetic diversity). 443
Conclusion 444
We found that sexual selection in the mosquitofish was consistent across habitat types that differed 445 in two ecological parameters that affect mate encounter rates. While persistent ecological 446 differences between habitats is clearly important for generating divergence between many species 447 Gambusia holbrooki. Relative fitness calculated was calculated within ponds and male traits were 459 standardised across the experiment. Selection gradients were estimated using linear multiple 460 regression and the significance of these gradients was determined using a linear mixed model with 461 power transformed relative fitness as the response variable to account for non-normal distribution 462 of the data and pond included as a random effect to account for potential non-independence of data 463 from the same pond. 
